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Earlier studies have demonstrated that mast cells produce reactive oxygen species (ROS), which play a role in regulating Ca2+ influx, while in
other cell types ROS are produced in a Ca2+-dependent manner. We sought to determine whether ROS are produced downstream of the extracellular
Ca2+ entry in mast cells. Thapsigargin (TG), a receptor-independent agonist, could evoke a robust burst of intracellular ROS. However, this response
was distinct from the antigen-induced burst of ROS with respect to time course and dependence on Ca2+ and phosphatidylinositol-3-kinase (PI3K).
The antigen-induced ROS generation occurred immediately, while the TG-induced ROS generation occurred with a significant lag time (∼2 min).
Antigen but not TG caused extracellular release of superoxide (O2
U−)/hydrogen peroxide (H2O2), which was blocked by diphenyleneiodonium,
apocynin, andwortmannin. A capacitative Ca2+ entry resulted in the generation of O2
U− in the mitochondria in a PI3K-independent manner. Blockade
of ROS generation inhibited TG-induced mediator release. Finally, when used together, antigen and TG evoked the release of leukotriene C4, tumor
necrosis factor-α, and interleukin-13 as well as ROS generation synergistically. These results suggest that ROS produced upstream of Ca2+ influx by
NADPH oxidase and downstream of Ca2+ influx by the mitochondria regulate the proinflammatory response of mast cells.
© 2007 Elsevier B.V. All rights reserved.Keywords: Mast cells; Antigen; Thapsigargin; Reactive oxygen species; Calcium; Mediator release1. Introduction
Mast cells play a key role in allergic and inflammatory re-
actions. Mast cells and some tumor cell lines such as RBL-2H3
express the high-affinity IgE receptor (FcɛRI) on their cell surface.
FcɛRI is amember of themultichain immune recognition receptors
(MIRRs), including T and B cell receptors, and the signal trans-
duction pathways present in mast cells have many similarities to
those of T and B cells. Like other MIRR members, FcɛRI lacks
intrinsic enzyme activity but contains the immunoreceptor
tyrosine-based motif (ITAM), which is critical for cell activation
[1–3]. Antigen binding to these receptors results in phosphoryla-
tion of the tyrosine residues in the ITAM. Syk/ZAP-70 is recruited
to the tyrosine-phosphorylated ITAM and activated by transpho-⁎ Corresponding author. Tel.: +81 3 3972 8111; fax: +81 3 3972 8227.
E-mail address: ysuzuki@med.nihon-u.ac.jp (Y. Suzuki).
0167-4889/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2007.12.004sphorylation to phosphorylate multiple cellular substrates [4–6]. In
general, activation of MIRR induces tyrosine phosphorylation and
activation of phospholipase Cγ-1/-2 (PLCγ-1/2) resulting in the
generation of the two second messengers inositol-1,4,5-tripho-
sphate (IP3) and diacylglycerol (DAG) [7]. IP3 binds to its receptor
in the membrane of the endoplasmic reticulum (ER) and induces
the release of Ca2+, while DAG together with Ca2+ activates
certain isoforms of protein kinase C. The release of Ca2+ leads to
the depletion of intracellular Ca2+ stores (store depletion) and then
triggers store-operated or capacitative Ca2+ entry (CCE) through
the plasmamembrane. Stimulation of IgE-bound FcɛRI by antigen
initiates cascades of intracellular signaling events that lead to the
secretion of different types of inflammatory mediators such as
preformed granular substances (histamine, serotonin, β-hexosa-
minidase, proteases, and some cytokines, referred as to degranula-
tion) and newly synthesized arachidonate metabolites (leukotriene
[LTs] and prostaglandins) and cytokines and chemokines [1].
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contributing to acute and chronic allergic reactions.
Recent studies have demonstrated that stimulation of mast
cells/basophils through FcɛRI induces the production of intra-
cellular reactive oxygen species (ROS) such as the superoxide
anion (O2
U−) and hydrogen peroxide (H2O2) [8–10], which
appear to act as a second messenger in the signal transduction
pathways leading to degranulation and releases of LTC4 [8,10–
12] and cytokines such as IL-4 and IL-6 [13,14].
It has been shown that agonists that interact with different
primary cell targets, including epidermal growth factor (EGF),
bradykinin, thapsigargin (TG), and the Ca2+ ionophore A23187
stimulate the production of ROS in human keratinocytes [15].
Both EGF and bradykinin also evoke Ca2+ influx, while A23187
can transport Ca2+ through the plasma membrane. The common
induction of Ca2+ response by these agonists suggests the role of
Ca2+ in evoking the burst of ROS. Indeed, regardless of the agonist
employed, the production of ROS takes place in an extracellular
Ca2+-dependent manner [15]. This indicates that ROS production
takes place downstream of a Ca2+ influx. On the other hand, we
have previously shown that H2O2 can regulate Ca
2+ response by
modulating the tyrosine phosphorylation of PLCγ and the adaptor
protein linker for activation of Tcells (LAT) [8], both of which are
essential for the maximal Ca2+ influx [16]. This indicates that the
production of H2O2 takes place upstream of a Ca
2+ influx. Thus,
for a better understanding of the function of ROS inmast cells, it is
important to determine whether ROS is produced either upstream
or downstream of Ca2+ influx or both. One approach to studying
ROS generation downstream of extracellular Ca2+ entry involves
bypassing the activation of surface receptors via chemicals that
induce the release of Ca2+ from intracellular stores. TG is a strong
and selective inhibitor of the ER Ca2+-ATPase that pumps Ca2+
leaked from the endoplasmic reticulum store back into the
organelle [17,18]. As a result, in nominally Ca2+-free medium,
TG can deplete intracellular Ca2+ stores thereby activating CCE
independently of generation of the second messenger IP3. It has
been shown that TG can activate mast cells by a mechanism that
differs from the FcɛRI-activated response [19]. Thus,we examined
whether TG could evoke a burst of ROS inmast cells, paying close
attention to the potential difference from the antigen-induced ROS
production. Herein, we demonstrate that ROS is produced not only
upstream of Ca2+ influx via NADPH oxidase but also downstream
of Ca2+ influx in the mitochondria. Our results suggest that both
ROS produced both upstream and downstream of CCE are
required for optimal proinflammatory response of mast cells.
2. Materials and methods
2.1. Reagents
Thapsigargin (TG) was obtained from Sigma (St. Louis, MO). Monoclonal
anti-2,4,6-trinitrophenol (TNP) IgE antibody (clone IgE-3) was obtained from BD
PharMingen Japan (Tokyo, Japan). TNP–bovine serum albumin (BSA) conjugate
(25 molecules of TNP coupled to 1 molecule of BSA) was purchased from Cosmo
Bio (Tokyo, Japan). Diphenyleneiodonium chloride (DPI) and wortmannin were
obtained fromBioMol (Plymouth Meeting, PA). 2′,7′-Dichlorodihydrofluorescein
diacetate (DCFH-DA) and MitoSOX Red [3,8-phenanthridinediamine, 5-(6′-
triphenylphosphoniumhexyl)-5,6 dihydro-6-phenyl] were obtained from Invitro-
gen (Carlsbad, CA, USA). Fluo3-acetoxylmethyl ester (Fluo3/AM) was obtainedfrom Dojindo (Kumamoto, Japan). Monoclonal anti-rat β-chain antibody (clone
JRK) was kindly provided by Dr. J. Rivera (NIAMS, NIH) and prepared in our
laboratory. Polyclonal anti-Fc receptor γ-chain was obtained from Upstate (Lake
Placid, NY,USA). Polyclonal antibodies against Lyn, Syk andLATwere purchased
from Santa Cruz (Santa Cruz, CA, USA).
2.2. RBL-2H3 cells
The RBL-2H3 cells obtained fromNational Institute of Health Sciences (Japan
Collection of Research Biosources, JCRB; cell number JCRB0023) were grown in
Dulbecco's modified Eagle's MEM (DMEM) (Sigma) supplemented with 10%
FCS (Life Technologies, Tokyo, Japan) in a 5%CO2-containing atmosphere. Cells
were harvested by incubating them in Hank's balanced salt solution (HBSS)
supplemented with bicarbonate (pH 7.4) containing 1 mM EDTA, 0.25% trypsin
for 5 min at 37 °C. For IgE sensitization, cells suspended in complete DMEMwere
plated on a 100-mm culture dish (1×106/ml) or in a 24-well plate (2×105/well) and
incubated with anti-DNP or anti-TNP IgE (1 μg/dish or 0.1 μg/well) at 37 °C
overnight. IgE-sensitized cells were washed and suspended in HBSS.
2.3. BMMCs
Bonemarrow-derivedmast cells (BMMCs) were prepared from femurs of 4- to
8-week-old BDF1 or C57BL/6 mice as previously described [20]. All animal
experiments were performed according to the guidelines ofNihonUniversity. Cells
were cultured in the RPMI 1640 medium (Sigma) supplemented with 10% FBS,
100U/ml penicillin and streptomycin (Invitrogen, Carlsbad, CA,USA), 5×10−5M
2-mercaptoethanol (Wako Pure Chemicals, Osaka, Japan), 100 μg/ml sodium
pyruvate (Invitrogen), 1% MEM nonessential amino acid solution (Invitrogen),
and 5 ng/ml of recombinant IL-3 (Pepro Tech; Rocky Hill, NJ) in a 5% CO2-
containing atmosphere at 37 °C. After 4 to 6weeks of culture, cells were stained for
cell surface expression of FcɛRI, and BMMCswere used for experiments after 4 to
8 weeks of culture (N95% mast cells).
2.4. Measurement of intracellular ROS
The production of intracellular ROS was measured using the oxidation-
sensitive probe DCFH-DA and the mitochondria-targeting probe MitoSOX
Red by flow cytometry. Briefly, IgE-sensitized cells (1×106/ml) suspended in
HBSS were incubated with 5 μM DCFH-DA (FL-1) or MitoSOX Red for
15 min at 37 °C in a final volume of 450 μl. Then 50 μl of stimulants (10×) was
added and incubated at 37 °C for the time indicated before harvest. Cells were
then washed, resuspended in HBSS on ice, centrifuged at 4 °C. After
stimulation, the green fluorescence (DCFH-DA) and the red fluorescence
(MitoSOX Red) were measured using the FL-1 and FL-2 channels,
respectively, with a FACScalibur (Becton Dickinson, San Jose, CA, USA).
In inhibition experiments, the agents tested were added to cells just before or
15 min prior to stimulation. As shown in Fig. 3A, in the absence of IgE
sensitization, antigen caused no increase in fluorescence intensity compared to
cells stimulated with medium. We considered this fluorescence intensity as
basal fluorescence and data are expressed as F /F0, where F0 represents
fluorescence in unstimulated cells and F is fluorescence in stimulated cells. In
some experiments DCFH oxidation was measured at 40-s intervals during
13 min in a microplate fluorometer (Fluoroskan Ascent CF; Labsystems,
Helsinki, Finland; excitation and emission at 485 and 527 nm, respectively) as
previously described [8].
2.5. Extracellular release of O2
U−
The extracellular release ofO2
U−wasmeasured by SOD-inhibitable cytochrome
c reduction assay as previously described [21] with minor modifications. Briefly,
RBL-2H3 cells (1×106/ml) were added with apocynin and then immediately
stimulated with antigen, and 20 μM cytochrome c was added. The reduction of
absorbance at 540 nm (ΔOD540) was measured immediately in a microplate reader
(Bio-Rad 550, Nippon Bio-Rad Laboratories, Osaka, Japan). To measure SOD-
dependent response, SODwas added to the reactionmixture in separate samples at a
final concentration of 10U/ml, and the reduction of absorbance at 540 nm (ΔOD540
[SOD]) was measured in the same way. The data are shown as SOD-inhibitable
cytochrome c reduction, corresponding to ΔOD540−ΔOD540 [SOD].
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The production of H2O2 was determined by HRP-catalyzed oxidation of
fluorescent scopoletin as previously described [8]. Briefly, cells suspended in
HBSS, pH 7.4 containing 1 mM NaN3 were stimulated with antigen for the time
periods indicated. After centrifugation, the supernatants were collected. Samples
(the supernatants) were added to a reaction mixture containing HBSS, pH 7.4,
80 μM scopoletin, and 2 U/ml HRP (Sigma) in a 96-well plate and incubated for
40 min. The decrease in scopoletin fluorescence was measured in a microplate
fluorometer (Fluoroskan Ascent CF; excitation and emission at 335 and 460 nm,
respectively). The concentration of H2O2 in the samples was calculated using the
standard curve, which was made by adding known concentrations of the
authentic H2O2 in place of the samples. The fluorescence intensity in the cell-
free system was considered as background and subtracted from the fluorescence
intensity observed in stimulated cells.
2.7. Measurement of [Ca2+]i
Measurement of cytosolic Ca2+ concentration ([Ca2+]i) was performed using
the Ca2+-reactive fluorescence probe Fluo3/AM as previously described [8].
Briefly, cell suspension (1×106/ml) was incubated with 4 μM Fluo3/AM for
30 min at 37 °C and then washed with HBSS and resuspended in the solution
supplemented with 1 mM CaCl2. To study Ca
2+ store release and Ca2+ entry
separately, aliquots of the Fluo3-loaded cells were resuspended in HBSS
supplemented with 1 mM EGTA in place of 1 mM CaCl2. Fluo3 fluorescence
was monitored at 5-s intervals for up to 3 min by a microplate fluorometer
(Fluoroskan Ascent CF; excitation and emission at 485 and 527 nm, respectively).
[Ca2+]i was calculated using the equation [Ca
2+]i=Kd[(F−Fmin) / (Fmax−F)], where
Kd is the dissociation constant of the Ca
2+–Fluo3 complex (450 nM), Fmax
represents the maximum fluorescence (obtained by treating cells with 5 μM
A23187), and Fmin represents the minimum fluorescence (obtained for A23187-
treated cells in the presence of 10 mMEGTA). F is the actual sample fluorescence.
2.8. β -Hexosaminidase release
Degranulation was determined by β-hexosaminidase release. RBL-2H3 cells
were stimulated at 37 °C for 30 min, and β-hexosaminidase activity in supernatants
was determined spectrophotometrically as previously described [8]. Briefly, 40μl of
samples and 100 μl of 2 mM p-nitrophenyl-N-acetyl-β-D-glucosaminide (in 0.4 M
citrate and 0.2 M phosphate buffer, pH 4.5; ICN Biochemicals, Eschwege,
Germany) were added to each well of a 96-well plate, and color was developed for
30 min at 37 °C. Enzyme reaction was terminated by adding 200 μl of 0.2 M
glycine–NaOH, pH 10.7. The absorbance at 415 nm was measured in a microplate
reader (Bio-Rad 550). Cells were lyzedwith 0.1%TritonX-100, and the extract was
analyzed for the β-hexosaminidase activity (total). The β-hexosaminidase activity
in unstimulated cells (spontaneous release, b5% of total enzyme activity) was
subtracted from the enzyme activity (test). The percentage of β-hexosaminidase
released into the supernatant was calculated using the following formula: release
(%)=(test−spontaneous) / (total−spontaneous)×100.Fig. 1. TG-induced production of intracellular ROS in mast cells. (A, B) Cells (1×1
37 °C. RBL-2H3 cells (A) and BMMCs (B) preloaded with DCFH-DAwere stimulate
stand on ice immediately. After centrifugation at 4 °C, the cells were analyzed for DCF
experiments.2.9. LTC4 release
LTC4 release was determined as previously described [8]. Briefly, cells were
activated as described above, and LTC4 content in supernatants was determined
by an ELISA kit (Cayman Chemical, Ann Arbor, MI) according to the manu-
facturer's protocols.
2.10. Cytokine production
TNF and IL-13 production was determined as previously described [22].
Briefly, cells were activated as described above, and TNF-α and IL-13 contents
in supernatant were determined by a solid phase sandwich ELISA kit (Biosource
International, Camarillo, CA) for rat or mouse TNF-α and IL-13, respectively,
according to the manufacture's protocols.
2.11. Western blotting
Tyrosine phosphorylation of whole proteins was determined by Western
blotting with the monoclonal anti-phosphotyrosine (PY) antibody (clone
4G10) as previously described [8]. Briefly, samples (cell lysate and the
immunoprecipitate) were subjected to SDS-PAGE using a 10% separation gel
under reducing conditions and transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, Bedford, MA). The PVDF membrane was incubated
with 3% BSA or 0.5% gelatin in PBS at 4 °C overnight or 1 h at room
temperature. The PVDF membrane was incubated with 0.2 μg/ml anti-PY
antibody for 1 h at room temperature and then with horseradish peroxidase
(HRP)-conjugated species-specific anti-mouse Ig (GE Healthcare, Little
Chalfont, UK) for 1 h at room temperature. After extensive washing of the
membrane, the immunoreactive proteins were visualized using the Enhanced
ChemiLuminescence (ECL) kit (GE Healthcare) according to the recommen-
dations of the manufacturer. The PVDFmembrane was exposed to Fuji RX film
(Fuji Film, Tokyo, Japan).
2.12. Immunoprecipitation
Immunoprecipitation was performed by magnetic beads separation (MACS
separation, Miltenyi Biotec, Gladbach, Germany) as recommended by the
supplier with minor modifications as described previously [8]. Briefly, 107 cells
were solubilized with 1 ml of ice-cold lysis buffer (20 mM Tris–HCl, pH 7.4,
137 mMNaCl, 10% glycerol, 1% NP-40, 1 mMNa3VO4, 2 mM EDTA, 0.2 mM
p-amidinophenyl-methanesulfonyl fluoride, 20 μM leupeptin, and 0.15 U/ml
aprotinin) for 30 min on ice. Cell lysates were centrifuged at 12,000 ×g for
10 min at 4 °C. An aliquot (100 μl) of the supernatant was used for analyzing
total tyrosine phosphorylation. For analysis of tyrosine phosphorylation of
individual molecules, the remainder was incubated with 5 μg of specific anti-
body against each molecule followed by 50 μl of Protein G-conjugated
Microbeads (MAGmol Protein G Microbeads, Miltenyi Biotec) for 30 min on
ice. The samples were applied to μ columns in the magnetic field of the μMACS06/ml) suspended in HBSS were incubated with 5 μM DCFH-DA for 15 min at
d with 30 ng/ml TNP–BSA (Ag) or with 1 μM thapsigargin (TG), and allowed to
H oxidation in a flow cytometer. The data are representative of five independent
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and once with 100 μl of low salt wash buffer (50 mMTris–HCl, pH 8 containing
1% NP-40). Finally, 50 μl of pre-heated (95 °C) 1×SDS sample buffer was
applied to the columns and eluate containing immunoprecipitate was collected.
2.13. Statistical analysis
The Student t-test was performed to determine statistical significance among
the experimental groups; Pb0.05 was considered significant.Fig. 2. TG stimulates intracellular signaling independently of FcɛRI. (A) RBL-2H3 c
room temperature. The stimulated cells were lyzed with SDS sample buffer and tyro
4G10. (B–F) The Ag- or TG-stimulated cells were detergent and FcɛRIβ (B), FcɛRIγ
specific antibody, and their tyrosine phosphorylation was analyzed by immunoblotti
monoclonal antibody against the proteins. The data are representative of three indep3. Results
3.1. TG induces generation of intracellular ROS in a
Ca2+-dependent manner
First, we tested the ability of TG to evoke ROS generation in
RBL-2H3 cells, an experimental model of mast cells. TG could
stimulate a robust burst of intracellular ROS, as measured withells were stimulated with 30 ng/ml TNP-BSA (Ag) or with 1 µM TG for 2 min at
sine phosphorylation was analyzed by immunoblotting using the anti-PY mAb
(C), LAT (D), Syk (E), and Lyn (F) were precipitated from the cell lysates using
ng with the anti-PY mAb. To verify equal loading, the blots were reprobed with
endent experiments.
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(Fig. 1A, right). This effect was observed in a concentration-
dependent manner with a minimal effective concentration ofFig. 3. Differential time courses and dependence on Ca2+ and PI3K between the antige
24-well plate were incubatedwith or without anti-TNP IgE (0.1μg/well) at 37 °C overn
and resuspended in HBSS. The cells were stimulated with Ag or TG as described in th
using amicroplate fluorometer (excitation and emission at 485 and 527 nM, respectivel
with Ag or TG, and then fluorescence was measured as described above. The data a
separate experiments. (C, D) RBL-2H3 cells (C) or BMMCs (D) suspended in Ca2+-co
medium (HBSS supplemented with 1 mM EGTA) were stimulated and analyzed fo
fluorescence intensity of four separate experiments. (E–H)RBL-2H3 cells preloadedw
the indicated concentrations and then stimulated with Ag (E, G) or TG (F, H) as descr
data are representative of more than three independent experiments. Statistical signif10∼100 nM and a maximal effect was achieved at 1 μM. This
ROS generation was not an aberrant special case with tumor mast
cells, as TG evoked a more pronounced burst of intracellular ROSn- and TG-induced ROS production. (A) RBL-2H3 cells (2×105/ml) plated on a
ight. After incubating with 5 μMDCFH-DA for 30min, cells were washed twice,
e legend of Fig. 1, and analyzed for DCFH oxidation at 40-s intervals for 13 min
y). (B) BMMCswere sensitizedwith IgE, loadedwithDCFH-DA, and stimulated
re expressed as relative fluorescence units (RFU) and are representative of four
ntainingmedium (HBSS supplementedwith 1mMCaCl2) or nominally Ca
2+-free
r DCFH oxidation as described in the legend of Fig. 1. The data show mean
ith DCFH-DAwere incubated for 30minwith wortmannin (E, F) or DPI (G, H) at
ibed above, and DCFH oxidation was measured in a microplate fluorometer. The
icance was determined using the unpaired Student t-test. ⁎ Pb0.05.
Fig. 4. Antigen but not TG stimulates extracellular release of O2
U−/H2O2.
(A) RBL-2H3 cells (1×106/ml) were stimulated with 30 ng/ml TNP-BSA (Ag),
and extracellular release of O2
U− was measured by monitoring cytochrome c
reduction (the reduction of absorbance at 540 nm) in a microplate reader. To
validate SOD- or NADPH oxidase-dependent response, the samples were added
with exogenous SOD (at the final concentration of 10 U/ml) or apocynin (at the
final concentration of 0.3 mM) just before stimulation. The data are the
representative of three independent experiments. (B) RBL-2H3 cells suspended
in HBSS, pH 7.4 containing 1 mM NaN3 were stimulated with Ag or Tg for the
time periods indicated. After centrifugation, the supernatants were collected,
added to a reaction mixture containing HBSS, pH 7.4, 80 μM scopoletin, and
2 U/ml HRP in a 96-well plate and incubated for 40 min. The decrease in
scopoletin fluorescence was measured in a microplate fluorometer, and H2O2
contents in the samples were calculated as described in Materials and methods.
(C) RBL-2H3 cells were treated with 100 nM wortmannin and immediately
stimulated with Ag or Tg, and then H2O2 contents in the samples were measured
as described above. The data represent mean±SE of two to four independent
experiments. Statistical significance versus unstimulated controls was deter-
mined using the unpaired Student t-test. ⁎ Pb0.05; ⁎⁎ Pb0.01; ⁎⁎⁎ Pb0.001.
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was a more potent stimulator of ROS generation than 30 ng/ml
antigen (Fig. 1A and B).
To test whether this burst of intracellular ROS occurs in-
dependently of FcɛRI signaling, we analyzed the effect of TG on
tyrosine phosphorylation of signaling molecules. RBL-2H3 cells
were stimulatedwith antigen orwith TG for 2min. The stimulated
cells were solubilized with detergent, and the lysates were
analyzed for tyrosine phosphorylation by Western blotting
analysis using antibody to phosphotyrosine. As shown in
Fig. 2A, antigen induced tyrosine phosphorylation of multiple
bands including those with apparent molecular masses of 120,
70–80, 55, 37, and 31 kDa. On the other hand, TG increased
tyrosine phosphorylation of the 120- but not the 55-, 37-, and 31-
kDa molecules (the pp55, pp37, and pp31). Subsequent analysis
using immunoprecipitation with specific antibody and anti-
phosphotyrosine Western blotting showed that TG had no effect
on tyrosine phosphorylation of FcɛRIβ and γ-chains and LAT
(Fig. 2B,C, andD). On the other hand, TG could increase tyrosine
phosphorylation of Syk and Lyn substantially (Fig. 2E and F).
3.2. Differential time course and dependence on Ca2+ and
PI3K between the antigen- and the TG-induced burst of ROS
We next analyzed the time course of ROS generation in
response to antigen or TG in a microplate fluorescence reader.
Consistent with the flow cytometrical analysis, the amplitude of
ROS generation was much higher with TG than with antigen.
However, the time course of ROS generation was different
between these two stimuli. The antigen-induced ROS generation
was observed immediately, reaching its peak by 1 min, and
keeping the same level throughout the time periods monitored (at
least 13 min) (Fig. 3A). On the other hand, the TG-induced ROS
generationwas observedwith a significant lag time of N2min and
it increasedwith time throughout the time periodsmonitored. As a
result, after antigen addition, fluorescence constantly increased up
to N80% of the peak level during the initial 1 min, while only a
moderate increase (b40% of the maximal level) was observed
after TG addition. Also, in BMMCs, antigen induced ROS gen-
eration immediately, while TG increased ROS levels with a sig-
nificant lag time (N2 min) (Fig. 3B).
To determine the hierarchical relationship between Ca2+
mobilization and the generation of intracellular ROS, we mea-
sured ROS generation in nominally Ca2+-free medium. TG failed
to provoke any ROS generation in both RBL-2H3 cells and
BMMCs (Fig. 3C and D). Although the antigen-induced ROS
generation alsowas severely reduced, small but a substantial ROS
generation (b20% of the response observed in Ca2+-containing
medium) was still observed in both cell types. This indicates that
the TG-induced ROS generation is entirely the result of Ca2+
entry into cells, while antigen can provoke an additional ROS
generation in a Ca2+-independent manner.
Because in most experiments there was no significant
difference in the ROS generation properties of RBL-2H3 cells
and BMMCs, we performed a further analysis mainly employ-
ing RBL-2H3 cells due to their ease of use. We have previously
reported that PI3K activity is necessary for the antigen-inducedH2O2 generation in RBL-2H3 cells [8]. Consistent with this,
wortmannin, a selective inhibitor of PI3K, blocked antigen-
induced ROS generation in a concentration-dependent manner
with a minimal effective concentration of 10 nM and almost
complete inhibition was achieved at 100 nM (Fig. 3E). In
contrast, up to 100 nM of wortmannin had a minimal effect on
the TG-induced ROS generation (Fig. 3F). We also found that
the two types of ROS generation showed different sensitivity to
DPI, an inhibitor of NADPH oxidase. Consistent with our
previous work, DPI inhibited antigen-induced ROS generation
with a minimal effective concentration of 10 μM, and higher
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(N80%) inhibition on the initial response (Fig. 3G). On the other
hand, DPI up to 30 μM had only a marginal effect (b20%
inhibition) on the TG-induced ROS generation (Fig. 3H). These
results suggested that antigen induces ROS generation via
NADPH oxidase activation, while the enzyme plays a minor
role in TG-induced ROS generation.
3.3. Antigen but not TG stimulates PI3K-dependent release of
O2
U−/H2O2
To determine the role of NADPH oxidase further, we analyzed
the ability of antigen and TG to cause extracellular release of
O2
U−. As shown in Fig. 4A, antigen stimulated the release of O2
U−
into medium via NADPH oxidase, as evidenced by the SOD-
inhibitable reduction of cytochrome c, which was completely
abolished by apocynin, a specific inhibitor of NADPH oxidase.
The release of O2
U− was confirmed by measuring the H2O2
content in the medium. Again, antigen could stimulate the release
of H2O2 with minutes, while TG had no or only a marginal effect
(Fig. 4B). In addition, the effect of antigen but not TG was
significantly reduced by 100 nM wortmannin (Fig. 4C).
3.4. CCE evokes generation of intracellular ROS in a
PI3K-independent manner
The data presented so far indicated that the TG-induced ROS
generation is a consequence of extracellular Ca2+ entry. AsCCE isFig. 5. CCE evokes generation of intracellular ROS in a PI3K-independent manner. (
cells (1×106/ml) were resuspended in nominally Ca2+-free medium (HBSS supplem
deplete intracellular Ca2+ stores (indicated by the first arrow). Then, the cells were trea
second arrow). (B–D) BMMCs (1×106 cells/ml) preloaded with DCFH-DA were t
processing step (B), or treated with DPI (C) or wortmannin (D) at the indicated c
described in the legend of Fig. 1. The data are expressed as the percent of controls w
2 mM Ca2+ alone equals 100% and represent mean±SE of more than three indepe
Student t-test. ⁎⁎ Pb0.01; ⁎⁎⁎ Pb0.001.a main route of Ca2+ entry in non-excitable cells including mast
cells, we next elucidated the role of CCE in the Ca2+-dependent
burst of ROS. Cells were treated with TG in nominally Ca2+-free
conditions in order to deplete intracellular Ca2+ stores and activate
CCE. After TG addition [Ca2+]i increased gradually with its peak
(∼100 nM) by 1 min, returning to the resting levels by 2 min.
After replenishment of Ca2+, [Ca2+]i elevated significantly
(Fig. 5A). Basically the same results were obtained in BMMCs
(data not shown). The induction of Ca2+ influx was completely
blocked by 2-aminoethoxydiphenyl borate (2-APB), a CCE
antagonist, validating the activation of CCE. In parallel, the
generation of intracellular ROS was measured using DCFH-DA.
In preliminary experiments we obtained basically the same results
employing BMMCs and RBL-2H3 cells but the magnitude of the
change in ROS levels was larger in the former than in the latter.
Therefore, we performed the analysis using BMMCs. TG
treatment alone in nominally Ca2+-free medium, which allows
Ca2+ release from intracellular stores but not Ca2+ influx, induced
no significant ROS generation (Fig. 5B). On the other hand, after
Ca2+ replenishment, a robust ROS generation occurred in TG-
treated cells. In contrast, Ca2+ replenishment evoked no sig-
nificant ROS generation in TG-untreated cells (Fig. 5B), in-
dicating that this event is store-dependent. Compared to the
extracellular release of ROS, this burst of intracellular ROS was
more resistant to DPI: even when cells were treated with100 μM
DPI, the response was partially but not completely inhibited (70%
maximum inhibition) (Fig. 5C). In addition, the burst of intra-
cellular ROS was unaffected by up to 100 nM of wortmanninA) RBL-2H3 cells were loaded with Fluo3/AM, washed twice with HBSS. The
ented with 1 mM EGTA) and treated with TG at 37 °C for 10 min in order to
ted with 30 μM 2-APB just before the addition of 2 mM CaCl2 (indicated by the
reated with TG in order to activate CCE as described above, the cells in each
oncentrations and were analyzed for DCFH oxidation in a flow cytometer as
here DCF fluorescence (mean fluorescent intensity) in the cells stimulated with
ndent experiments. Statistical significance was determined using the unpaired
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2H3 cells (data not shown).
3.5. Mitochondria generate O2
U− in a Ca2+-dependent but
PI3K-independent manner, which is blocked by 2-APB
Mitochondria are the major site of ROS production under
physiological conditions, and Ca2+ stimulates the production [23–
25]. Therefore, we next elucidated the potential role of these
organelles in the Ca2+-dependent burst of intracellular ROS using
MitoSOXRed (MitoSOX), a fluoroprobe for selective detection of
O2
U− in themitochondria [26,27]. As shown in Fig. 6A, significant
increase in fluorescence intensity of MitoSOX was observed in
cells treated with 0.5μg/ml antimycinA used as a positive control.Fig. 6. Mitochondria generate O2
U− in a Ca2+-dependent manner, which is blocked b
HBSS were incubated with 5 μMMitoSOX Red for 15 min at 37 °C. Then the cells w
allowed to stand on ice immediately. After centrifugation at 4 °C, the cells were anal
loaded with MitoSOX Red, stimulated with 30 ng TNP-BSA (Ag) or 1 µM TG at 3
above. The data are shown as F /F0, where F0 represents fluorescence in unstimulate
independent experiments. In (C), a representative FACS image is shown. (D) After
containing medium or nominally Ca2+-free medium as described in the legend of Fig
(E, F) RBL-2H3 cells were treated with 30 μM 2-APB (E) or wortmannin at the indic
signal was measured as described above. The data represent mean±SE of four (E) or
the unpaired Student t-test. ⁎⁎ Pb0.01; ⁎⁎⁎ Pb0.001.Histograms of FACS analysis showed amarked (N3-fold) increase
in mean intensity. TG and to a lesser extent antigen also caused a
significant increase in MitoSOX signal (Fig. 6B and C). Further-
more, the MitoSOX signal was almost completely abolished in
nominally Ca2+-free conditions or by 2-APB treatment, indicating
the critical role of Ca2+ introduced through CCE in the generation
of O2
U− (Fig. 6D and E). In addition, regardless of the stimulus
employed, the MitoSOX signal was significantly enhanced rather
than suppressed by wortmannin treatment (Fig. 6F).
3.6. ROS mediates the TG-induced mediator release
TG has been shown to provoke degranulation, LTC4 release
and cytokine production in mast cells [19]. To elucidate they 2-APB but not by wortmannin. (A) RBL-2H3 cells (1×106/ml) suspended in
ere stimulated with 0.5 μg/ml antimycin A+0.5 μg/ml oligomycin at 37 °C and
yzed for MitoSOX signal in a flow cytometer. (B, C) BMMCs (1×106/ml) were
7 °C and then MitoSOX signal was analyzed in a flow cytometer as described
d cells and F is fluorescence in stimulated cells, and represent mean±SE of four
MitoSOX Red loading, RBL-2H3 cells and BMMCs were suspended in Ca2+-
. 3, stimulated with Ag, and then fluorescence was measured as described above.
ated concentrations (F), and immediately stimulated with Ag, and then MitoSOX
three (F) independent experiments. Statistical significance was determined using
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examined the effect of blockade of ROS generation on TG-
induced mediator release. TG at concentrations of ≥100 nM
induced β-hexosaminidase release in a concentration-depen-
dent manner (Fig. 7A). TG also stimulated a considerable
(N30% release) histamine release at a comparable concentration
(data not shown). Thus, TG can induce mast cell degranulation
at concentrations that stimulate ROS production. As shown in
Fig. 7B, DPI blocked the TG-induced β-hexosaminidase release
in a concentration-dependent manner with a minimal effective
concentration of 3 μM and a maximal effect was observed with
100 μM. DPI also dose-dependently inhibited the TG-induced
histamine release. DPI elicited the effect with a minimal
effective dose of 3 μM and a maximal inhibition was observed
with 100 μM. TG also stimulated LTC4 (Fig. 7C), IL-13, and
TNF-α releases (see Fig. 8). In addition, DPI inhibited the TG-
induced LTC4 release in a concentration-dependent manner
(Fig. 7D). Similar results were obtained with IL-13 and TNF-α
releases (data not shown).
3.7. Regulation of mediator release by antigen and TG
The above data suggest that antigen and TG stimulate
mediator release by distinct ROS-dependent pathways. To
determine whether these two pathways work cooperatively or
independently, RBL-2H3 cells were stimulated with antigen and
TG either alone or together, and mediator release was measured.
The results showed that when used together, antigen and a non-
toxic dose of TG (10 nM) induced LTC4, IL-13, and TNF-α
releases as well as ROS production synergistically (Fig. 8A, B,Fig. 7. ROS mediates the TG-induced mediator release. (A) RBL-2H3 cells were s
hexosaminidase activity (A, B) or LTC4 contents (C, D) in supernatants were dete
cells were treated with DPI at the concentrations indicated for 30 min just befor
which each response in the cells stimulated with TG alone was 100%, and represe
unstimulated controls was determined using the unpaired Student t-test. ⁎ Pb0.0C and E); when used together, the effect of these two stimuli
was significantly higher as compared to the sum of single
stimuli. In contrast, no significant enhancement was observed
with β-hexosaminidase release (Fig. 8D). Essentially similar
results were obtained with BMMCs (Fig. 9A–E).
4. Discussion
In the current study we tested the ability of TG to evoke ROS
generation in order to determine whether ROS were produced
downstream of Ca2+ influx in mast cells. Our data clearly
demonstrate that TG can induce the production of intracellular
ROS, although TG cannot utilize the FcɛRI signaling pathway, as
evidenced by the fact that it had no effect on FcɛRIβ and γ-chains
and LAT tyrosine phosphorylation. As FcɛRIβ and γ-chains are
essential for antigen-induced activation of Lyn and Syk tyrosine
kinases, the receptor components may play a critical role in the
induction of the oxidative response. Indeed, we have previously
reported that Src family tyrosine kinases and PI3K, both of which
have been shown to be physically associatedwith and/or activated
via FcɛRIβ [28], may be necessary for antigen-induced H2O2
generation [8]. Thus, neither the receptor components nor LATare
essential for ROS generation on their own.However, our data also
clearly demonstrate that TG cannot evoke immediate extracellular
release of O2
U−/H2O2, resulting in a significant lag time (∼2 min)
of the initiation. The fact that the extracellular release of O2
U−/
H2O2 can be blocked by DPI and apocynin, strongly suggests the
role of an NADPH oxidase activated in a Ca2+-independent
manner, since apocynin acts by blocking the assembly of the
membrane-associated flavocytochrome gp91phox with regulatorytimulated with TG at the concentrations indicated for 30 min at 37 °C, and β-
rmined enzymatically and by ELISA, respectively. In (B) and (D), RBL-2H3
e TG stimulation. The data are expressed as a percentage of the control, for
nt mean±SE of four independent experiments. Statistical significance versus
5; ⁎⁎ Pb0.01; ⁎⁎⁎ Pb0.001.
Fig. 8. Synergistic ROS production and mediator release by antigen and TG in RBL-2H3 cells. RBL-2H3 cells were stimulated with 3 or 30 ng/ml TNP-BSA (Ag) and
10 nM TG alone or in combination for 30 min at 37 °C, and then LTC4 (A), TNF-α (B), IL-13 contents (C) in supernatants were determined by ELISA, β-
hexosaminidase activity (D) in supernatants was determined enzymatically, andDCF oxidation (E)wasmeasured in a flow cytometer. The data representmean±SE of at
least four independent experiments. Statistical significance was determined using the unpaired Student t-test. ⁎ Pb0.05; ⁎⁎ Pb0.01; ⁎⁎⁎ Pb0.001. Note that the effect
of the combination use (Ag+TG obs.) on LTC4 release (A), TNF-α (B) and IL-13 production (C), and DCF oxidation (E) was significantly higher than the sum of single
stimuli (Ag+TG calc.).
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antigen can evoke a robust burst of ROS even under Ca2+-free
conditions.
Earlier studies revealed the occurrence of a new family of
homologous of the neutrophil NADPH oxidase, i.e., the
NADPH oxidase (NOX)/dual oxidase (DUOX) family in non-
phagocytic cells (for recent reviews see, [30–32]). The NOX/
DOUX family now includes NOX1 (initially referred as to
Mox1, NOH-1; [33,34]), which is predominantly expressed in
the colon, NOX3 (gp91-3; [35]), NOX4 (Renox, found in the
kidney cortex; [36]), NOX5, found predominantly in testis,
spleen, and lymph nodes, and DUOX1 and DUOX2. The NOX
family members have almost the same length as gp91phox(NOX2; ∼560–580 amino acids; [37]). Among them, NOX5,
DUOX1, and DUOX2 are characterized by N-terminal exten-
sions [38,39]. In NOX5, the N-terminal extension consists of 4
EF-hand domains, while in DUOX1 and DUOX2, it consists of
2 EF-hand domains, an additional transmembrane domain, and
a peroxidase homology domain. Consistent with their Ca2+-
binding EF-hand domains, NOX5, DUOX1, and DUOX2 are
Ca2+-activated enzymes [38,39]. These NADPH oxidase
homologs are likely sources of the Ca2+-dependent ROS gen-
eration observed in the current study. Nonetheless, rat cells such
as RBL-2H3 have been shown to lack the expression of all of
NOX5, DUOX1, and DUOX2 genes. Thus, the NOX/DUOX
family is likely to play a minor role in the Ca2+-dependent ROS
Fig. 9. Synergistic ROS production and mediator release by antigen and TG in BMMCs. BMMCs were stimulated with 0.3 or 3 ng/ml TNP-BSA (Ag) and 10 nM TG
alone or in combination for 30 min at 37 °C, and then LTC4 (A). TNF-α (B). IL-13 contents (C) in supernatants were determined by ELISA, β-hexosaminidase activity
(D) in supernatants was determined enzymatically, and DCF oxidation (E) was measured in a flow cytometer. The data represent mean±SE of at least three independent
experiments. Statistical significance was determined using the unpaired Student t-test. ⁎ Pb0.05; ⁎⁎ Pb0.01; ⁎⁎⁎ Pb0.001. Note that the effect of the combination use
(Ag+TG obs.) on LTC4 release (A), TNF-α (B) and IL-13 production (C), andDCF oxidation (E) was significantly higher than the sum of single stimuli (Ag+ TG calc.).
799T. Inoue et al. / Biochimica et Biophysica Acta 1783 (2008) 789–802generation, although they might be important in Ca2+-de-
pendent ROS generation in human cells [15] in which they are
substantially expressed.
It has recently been shown that BMMCs expressing the
mutant FcɛRIβ ITAM, in which all the tyrosine residues are
replaced by phenylalanine, lacked the physical association with
Lyn, and displayed no significant increase in tyrosine
phosphorylation of FcɛRIβ, Lyn and PI3K p85α in response
to antigen [40]. This demonstrates the critical role of the Lyn–
FcɛRIβ interaction via the ITAM in transducing downstream
signals including PI3K activation. Furthermore, we have pre-
viously shown that PI3K activity is necessary for the productionof H2O2, which is involved in regulating Ca
2+ mobilization [8].
Taken together, these facts strongly suggest that the FcɛRIβ–
Lyn interaction may trigger a PI3K-dependent activation of a
NOX member, resulting in extracellular release of ROS such as
H2O2, which in turn may regulate Ca
2+ influx. The mechanisms
by which extracellular ROS can control Ca2+ influx into mast
cells are at the present elusive. However, it is noteworthy that
cell surface thiols and a variety of ROS and reactive nitrogen
species, including H2O2, nitric oxide (NO), and peroxynitrite
have been implicated to play a critical role in regulating various
Ca2+ channels, including the plasma membrane channels in
both animal and plant cells [41–44]. In fact, we have recently
800 T. Inoue et al. / Biochimica et Biophysica Acta 1783 (2008) 789–802shown that in mast cells silver can evoke the release of O2
U−/
H2O2 thereby activating a thiol-sensitive Ca
2+ influx [20]. Thus,
it is possible that antigen evokes a similar mechanism by which
extracellular ROS directly regulate the plasma membrane Ca2+
channels through thiol modulation. We are currently looking for
such ROS-regulated Ca2+ channels in mast cells.
Local propagation of Ca2+ between adjoining domains of the
ER and mitochondria allows ER Ca2+ release to activate
mitochondrial Ca2+ uptake and to evoke a rise in the mito-
chondrial matrix Ca2+ [23–25]. The mitochondrial Ca2+ increase
controls several steps of energy metabolism to synchronize ATP
generation with cell function and in some circumstances may also
initiate a cell death mechanism. It is widely accepted that mito-
chondria are the major site of ROS production under physiolo-
gical conditions. Furthermore, increasing evidence indicates that
the production of ROS is elevated in response to the mito-
chondrial Ca2+ increase. Thus, mitochondria are another potential
source of Ca2+-dependent ROS generation in mast cells. Indeed,
the current study demonstrates that Ca2+ entry through CCE
results in mitochondrial O2
U− generation. Our data indicate that
ROS generation in TG-stimulated cells is much larger than in
antigen-stimulated cells. This is consistent with the fact that TG is
stronger than antigen in inducing CCE, because TG but not
antigen can inhibit Ca2+ reuptake into the ER by SERCA pump,
which hampers Ca2+ store emptying. In addition, unlike extra-
cellular release of O2
U−/H2O2, the generation of intracellular ROS
was not blocked by PI3K inhibition. Therefore, we conclude that
the TG-induced ROS generation is primarily due to the
mitochondrial O2
U− generation. This view is consistent with the
fact that TG induces the generation of intracellular ROS in a Ca2+-
dependent but PI3K-independent manner. Earlier studies have
shown that both physiological agonists, including EGF, brady-
kinin and non-physiological agonists such as TG, and the Ca2+
ionophore A23187 stimulate the production of ROS in human
keratinocytes [45]. Regardless of the agonist employed, the burst
of ROS is strictly dependent on Ca2+. Thus, it is possible that the
burst of ROS in these human cells also results frommitochondrial
O2
U− generation due to Ca2+ influx. This favors with the view that
increased mitochondrial Ca2+ stimulates mitochondrial O2
U−
generation.
Our data indicate that mitochondrial ROS generation, which
is probably due to Ca2+ influx through a CCE pathway, is
blocked by DPI. DPI has been widely used as a specific
inhibitor of flavin adenine nucleotide (FAD)-utilizing oxidor-
eductases including NADPH oxidase. However, it is note-
worthy that DPI has been shown to be a powerful inhibitor of
mitochondrial ROS generation, probably through inhibiting
NADH–ubiquinone oxidoreductase (complex I) [46]. In
addition, Goldman et al. have demonstrated that the production
of ROS in human keratinocytes is prevented by the mitochon-
drial cytochrome oxidase inhibitor potassium cyanide [45].
Taken together, ROS generation observed downstream of Ca2+
influx appears to mainly result from mitochondrial ROS gen-
eration via the electron transport chain.
Our data indicate that in TG-stimulated cells, DPI inhibited
overall ROS accumulation with a minimal effect on the initial
ROS production (from 0 to 3 min). At the present the reason ofthis DPI inhibition remains unclear. However, it is possible that
ROS other than H2O2 also contributes to the oxidation of DCFH
seen in the present study, because this probe has been shown to
react with a broad spectrum of ROS including ONOO− [47]. The
most likely candidate may be ONOO−, which is formed from
both O2
− and nitric oxide (NO), because we have recently found
that TG can stimulate NO production in a PI3K-independent
manner. Moreover, because NO synthase (NOS) is an FAD-
containing enzyme, DPI can irreversibly inhibit the activity. In
support with this, when oxidation of dihydrorhodamine 123
(DHR), which localizes mitochondria and predominantly reacts
with H2O2 [47] is measured in parallel, DPI enhanced DHR
signal. This is consistent with the report demonstrating that DPI
can inhibit the mitochondrial respiratory chain as well [46].
It is noteworthy that as measured with DCFH-DA, ROS
levels in basal conditions are usually at least 4-fold higher in
RBL-2H3 cells than in BMMCs. It is widely accepted that in
transformed cells, mitochondrial morphological and functional
integrity is impaired, probably owing to defects in mitochondrial
Ca2+ metabolism and over ROS production (for a recent review
see [48]). Therefore, it is possible that the higher ROS levels in
basal conditions in RBL-2H3 cells compared to BMMCs are due
to increased mitochondrial ROS formation. Our preliminary
experiments indicate that Btk may be involved in maintaining
mitochondrial Ca2+. Because the product of PI3K activity, PIP3
has been shown to play a key role in membrane recruitment of
Btk via PH domain, it is possible that increased PI3K activity in
basal conditions may cause enhanced mitochondrial Ca2+ up-
take, which leads to increased mitochondrial ROS production.
Further investigations on this hypothesis are under way.
We have previously shown that ROS mediates the FcɛRI-
mediated proinflammatory mediator release, as blockade of
ROS generation inhibits degranulation, LTC4 and cytokine
releases [8]. Similarly, blocking ROS generation also inhibited
TG-induced degranulation, LTC4 and cytokine releases. These
data indicate that ROS mediate the proinflammatory effects of
TG as well. Since ROS signals induced by FcɛRI cross-linking
and TG are distinct with respect to their properties, it is im-
portant to determine whether these two ROS signals function
independently or cooperatively. Our data show that when used
together, antigen and a suboptimal concentration of TG induce
LTC4, TNF-α, and IL-13 releases synergistically. These data
suggest that both ROS signals are required for optimal release of
these mediators. In contrast, no significant stimulatory effect
was seen with degranulation, suggesting that either ROS signal
alone may be sufficient to evoke optimal degranulation.
In conclusion, the current study demonstrates that in mast
cells ROS is produced both upstream and downstream of Ca2+
influx by distinct sources, NADPH oxidase and the mitochon-
dria, respectively, which suggests that these two ROS signals
regulate proinflammatory response.
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